This study investigated the chemical composition, in vitro cytotoxicity, anti-mildew, and anti-wood-decay fungal activities of the essential oil isolated from the fruit of Liquidambar formosana from Taiwan. The essential oil from the fresh fruit was isolated using hydrodistillation in a Clevenger-type apparatus, and characterized by GC-FID and GC-MS. A total of 45 compounds were identified, representing 98.5% of the essential oil. The main components identified were α-pinene (16.8%), β-caryophyllene (10.1%), -muurolol (8.3%), -cadinol (7.6%), β-pinene (6.7%), and sabinene (5.7%). The essential oil exhibited cytotoxic activity against human oral, liver, and lung cancer cells. The active source compounds were β-caryophyllene, -cadinol, and -muurolol. The fruit essential oil was shown to have excellent anti-mildew and anti-wood-decay fungal activities, the active compounds being evaluated as -cadinol and -muurolol.
Liquidambar formosana Hance (Hamamelidaceae) is a tree mainly distributed in Guangdong, Guangxi, Fugian, Jiangxi, Gueizhou, and Sichuan provinces of mainland China and Taiwan [1] . Information pertaining to the composition of this species is scanty. Chien et al. [2] analyzed the gum or balsam from the tree and proved that it had antifungal activity. Wang et al. [3] found antioxidant activity in a leaf extract, and Lin et al. [4] and Zhang et al. [5] analyzed the leaf essential oil compositions, but did not elaborate on their bioactivities. In our earlier report [6] , we analyzed the leaf essential oil and proved that it had anti-inflammatory activity. However, there is practically no prior report on the essential oil and bioactivities of the fruits of this species. Therefore, in this study, the essential oil was isolated using hydrodistillation and then analyzed. Because malignant cancers have risen to the top of the list among causes of death, and also because the rainy and humid climate in Taiwan is conducive to the growth of mildew and wood decay fungi which endanger health and damage wooden furniture and building materials, the second part of the study examined the anti-cancer, anti-mildew and anti-wood-decay fungal activities of the fruit essential oil. The purpose of this study was to establish a chemical basis for the effective multipurpose utilization of the species.
Hydrodistillation of L. formosana fruit gave a yellow essential oil with a yield of 1.52 ± 0.03 mL/100 g, based on the dry weight of fruits. All compounds are listed in order of their elution from the DB-5 column (Table 1) . A total of 45 compounds were identified, with monoterpene hydrocarbons predominant (37.6%), followed by sesquiterpene hydrocarbons (32.7%), oxygenated sesquiterpenes (24.8%), and oxygenated monoterpenes (3.4%). Among the monoterpene hydrocarbons, α-pinene (16.8%), β-pinene (6.7%) and sabinene (5.7%) were the chief compounds. Of the sesquiterpene hydrocarbons, β-caryophyllene (10.1%) was the main compound, whereas of the oxygenated sesquiterpenes, -muurolol (8.3%), and -cadinol (7.6%) were the major components.
Firstly, to evaluate the anticancer potential of L. formosana fruit essential oil, we tested its effect on the viability of 3 human cancer cell lines: OEC-M1 (human oral squamous) cells, J5 (human hepatocellular carcinoma) cells, and A549 (human lung adenocarcinoma) cells. Cells were incubated with various concentration of essential oils for 48 h, and then the cell viabilities were measured by the alamarBlue® proliferation assay. The results showed that treatment for 48 h reduced the viability of OEC-M1 cells, J5 cells, and A549 cells, with IC 50 values around 38.9, 109.8, and 95.5 μg/mL, respectively. This represents the first report of cytotoxic activities of L. formosana fruit essential oil against human oral, liver, and lung cancer cells.
Furthermore, to ascertain the compounds responsible for the anticancer activities of the essential oil, the main components, α-pinene, sabinene, β-pinene, β-caryophyllene, -cadinol, and -muurolol, were individually evaluated for their anticancer activities. The active compounds were β-caryophyllene, -cadinol, and -muurolol. The IC 50 values of the three compounds against the three cancer cells were 25.3, 21.6 and 15.6 μg/mL against OEC-M1 cells; 120.8, 36.3, and 32.1 μg/mL against J5 cells; 35.6, 20.8, and 19.3 μg/mL against A549 cells, respectively. These 3 compounds have been shown previously to have cytotoxic activities. For instance, β-caryophyllene has been reported to exhibit anticancer properties [7] [8] [9] [10] , while τ-cadinol was shown to destroy A-549 and HT-29 human cancer cell lines [8] . In addition, τ-muurolol was cytotoxic to A549, HT-29, and MCF-7 cancer cell lines [11] [12] .
We also tested the anti-mildew fungal activities of L. formosana fruit essential oil. Seven fungi were selected for the tests: Aspergillus clavatus (A. c.), A. niger (A. n.), Cladosporium cladosporioides (Cl. c.), Chaetomium globosum (Ch. g.), Myrothecium verrucaria (M. v.), Penicillium citrinum (P. c.), and Trichoderma viride (T. v.). These were tested in accordance with the ASTM G21, JIS Z 2911, and ATCC test method [30] . These fungi were either pathogens causing liver cancer, diseases of the genitalia, or which induced bronchitis, allergies and asthma in humans or which degraded cellulosic materials, paper, leather, and wood products [14] [15] [16] 24.8 Essential oil yield (ml/100 g) 1.52 ± 0.03 a) Relative retention indices, experimental: n-alkanes (C9-C24) were used as reference points in the calculation of relative retention indices. b) Retention index on a DB-5 column with reference to n-alkanes [13] . c) MS, NIST and Wiley library spectra and the literature; RI, Retention index; ST, authentic standard compounds.
inhibited at concentrations of 250, 500, 125, 125, 125, 250, and 500 μg/mL, respectively. Compared with the MIC values of the essential oils from Phoebe formosana [17] , Machilus thunbergii [18] , Juniperus formosana [19] , Neolitsea narvigemma [20] , Eucalyptus urophylla, E. grandis, E. camaldulensis, and E. citriodora [21] , the fruit essential oil appeared to be superior. The results verify that L. formosana fruit essential oil has excellent antifungal activities.
However, to ascertain the source compounds responsible for the anti-mildew activities, we also tested the major compounds of the oil (Table 2) . -Muurolol, -cadinol, and β-caryophyllene exhibited the best activities among the fruit essential oil constituents, in particular -muurolol, which was active against all seven 7 mildew fungi with the highest antifungal indexes ranging from 80% to 100% at 100 g/mL. Previous studies support the contention that these compounds have significant activity for suppressing microbial growth [22] [23] .  [24] , M. philippinensis [25] , Litsea mushaensis [26] , Lit. coreana [27] , Lit. acutivena [28] , and Lit. linii [26] , the fruit essential oil of L. formosana was superior. The results verified that L. formosana fruit essential oil has excellent anti-wood-decay fungal activities. The main ingredients of L. formosana fruit essential oil were individually tested for their anti-wood-decay fungal activities. The results showed that the activity was due to -muurolol and -cadinol. At a concentration of 50 μg/mL, -muurolol and -cadinol showed total growth inhibition against all the white-rot and brown-rot fungi tested (Table 3 ). The presence of -muurolol and -cadinol significantly contributed to the wood-decay fungal suppression activity of L. formosana fruit essential oil. These two compounds exhibited excellent inhibitory effects against wood decay fungi. Thus, the inhibitive activities exhibited by L. formosana fruit essential oil could well be due to the presence of -muurolol, and -cadinol. The results agree with those of Kondo and Imamura [29] , who pointed out that the methanol extract of hinoki (Chamaecyparis obtusa) containing -cadinol, and -muurolol, exhibited excellent inhibitory effects against wood decaying fungi.
Experimental
Plant materials and reference compounds: Fruits of L. formosana were collected in September 2015 from Taipei Botanical Garden in north Taiwan (Taipei County, elevation 50 m, N 25º 01´ 48˝, E 121º 30´ 35˝). The samples were compared with specimen no. ou 58898 from the Herbarium of the National Chung-Hsiung University. The voucher specimen (CLH-052) was deposited in the NIU herbarium. Fruits of the species were collected for subsequent extraction and analysis. α-Pinene, sabinene, β-pinene and β-caryophyllene were purchased from Fluka Co. (Milwaukee, USA), Fruit essential oil of Liquidambar formosana Natural Product Communications Vol. 12 (2) 2017 289 and τ-Cadinol and τ-muurolol were from an isolate of Ho et al's study on Machilus pseudolongifolia [10] and M. philippinenesis [11] essential oils.
Isolation of the leaf essential oil:
One Kg air-dried L. formosana fruits were distilled for 3 h using a Clevenger-type apparatus and a hydrodistillation technique. After distillation, the volume of essential oil obtained was measured, and the essential oil then stored in glass containers that were hermetically sealed with rubber lids, covered with aluminum foil to protect the contents from light, and kept refrigerated at < 4ºC until used. The yield of essential oil was 1.52 ± 0.03 mL/100 g, based on the dry mass of the fruit. Component identification: Identification of the fruit essential oil constituents was based on comparisons of retention index (RI) [13] , retention times (RT), and mass spectra with those obtained from authentic standards and/or the NIST and Wiley libraries spectra, and literature [13, 30] .
Essential oil analysis:
Cell culture: Human oral squamous cancer OEC-M1 cells, human hepatocellular carcinoma J5, and human lung adenocarcinoma A549 were obtained from ATCC (Rockville, MD, USA) and propagated in RPMI-1640 medium supplemented with 10% heatinactivated FCS and 2 mM L-glutamine (Life Technologies, Inc., MD), and cultured in a 37°C, 5% CO 2 incubator.
Cell viability assay:
The cytotoxicity of the essential oil was assessed using the alamarBlue® proliferation assay according to a protocol from AbD Serotec. Cells (3000 cells/well) were incubated with either essential oils (dissolved in DMSO, final 0.1% DMSO in medium) or vehicle control (0.1% DMSO) for 24 h and 48 h, followed by replacing with fresh medium containing 10% alamarBlue® reagent for an additional 6 h. The absorbances at 570 nm and 600 nm were measured by a microplate reader. All values are given as means ± SD of 3 independent experiments.
Antifungal assays: The method of Su et al. [21] (BCRC 35305) . Antifungal assays were carried out in triplicate and data were averaged. Different concentrations of the essential oils (12.5-1000 µg/mL) were added to sterilized potato dextrose agar (PDA). The test plates were incubated at 27°C. When the mycelium of fungi reached the edge of the control plate, the antifungal index was calculated as follows: Anti-fungal index (%)= (1-Da/Db) X 100, where Da is the diameter of the growth zone in the experimental dish (cm) and Db is the diameter of the growth zone in the control dish (cm). Data are expressed as the means ± SD of 5 independent experiments.
